Interaction of antiproton with nuclei by Hrtánková, J. & Mareš, J.
ar
X
iv
:1
50
2.
05
52
3v
1 
 [n
uc
l-t
h]
  1
9 F
eb
 20
15
Noname manuscript No.
(will be inserted by the editor)
Interaction of antiproton with nuclei
J. Hrta´nkova´ · J. Maresˇ
Received: date / Accepted: date
Abstract We performed fully self-consistent calculations of p¯–nuclear bound
states within the relativistic mean-field (RMF) model. The G-parity moti-
vated p¯–meson coupling constants were adjusted to yield potentials consistent
with p¯–atom data. We confirmed large polarization effects of the nuclear core
caused by the presence of the antiproton. The p¯ absorption in the nucleus
was incorporated by means of the imaginary part of a phenomenological opti-
cal potential. The phase space reduction for the p¯ annihilation products was
taken into account. The corresponding p¯ width in the medium significantly
decreases, however, it still remains considerable for the p¯ potential consistent
with experimental data.
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1 Introduction
The study of the antiproton–nucleus interaction is an interesting issue which
has attracted renewed interest in recent years at the prospect of future exper-
iments at the FAIR facility. The p¯–nuclear bound states and the possibility
of their formation have been studied in refs. [1,2]. These considerations are
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supported by a strongly attractive potential that the p¯ feels in the nuclear
medium. Within the RMF approach the real part of the p¯–nucleus poten-
tial derived using the G-parity transformation is ReVp¯ ≃ −650 MeV deep at
normal nuclear density. However, the experiments with p¯ atoms [6] and p¯ scat-
tering off nuclei at low energies [7] favor shallower real part of the p¯–nucleus
potential in the range of −(100 − 300) MeV in the nuclear interior. An im-
portant aspect of the p¯–nucleus interaction is p¯ annihilation which appears
to be the dominant part of the interaction. Nevertheless, the phase space for
the annihilation products should be significantly suppressed for the antiproton
bound deeply in the nuclear medium, which could lead to the relatively long
living p¯ inside the nucleus [1].
In this contribution, we report on our recent fully self-consistent calcu-
lations of p¯–nuclear bound states including p¯ absorption in a nucleus. The
calculations are performed within the RMF model [3]. Dynamical effects in
the nuclear core caused by the antiproton and the phase space suppression for
the p¯ annihilation products are studied for various nuclei.
In Section 2, we briefly introduce the underlying model. Few selected rep-
resentative results of our calculations are discussed in Section 3.
2 Model
The p¯–nucleus interaction is described within the RMF approach. The inter-
action among (anti)nucleons is mediated by the exchange of the scalar (σ) and
vector (ωµ, ρµ) meson fields, and the massless photon field Aµ. The standard
Lagrangian density LN for nucleonic sector is extended by the Lagrangian
density Lp¯ describing the antiproton interaction with the nuclear medium (see
ref. [4] for details). The variational principle yields the equations of motion for
the hadron fields involved. The Dirac equations for nucleons and antiproton
read:
[−iα∇+ β(mj + Sj) + Vj ]ψαj = ǫαj ψαj , j = N, p¯ , (1)
where
Sj = gσjσ, Vj = gωjω0 + gρjρ0τ3 + ej
1 + τ3
2
A0 (2)
are the scalar and vector potentials. Here, mj stands for (anti)nucleon mass;
gσj , gωj , gρj, and ej are the (anti)nucleon couplings to corresponding fields,
and α denotes single particle states. The Klein–Gordon equations for the boson
fields acquire additional source terms due to the presence of p¯:
(−△+m2σ + g2σ + g3σ2)σ = −gσNρSN − gσp¯ρSp¯ ,
(−△+m2ω + dω20)ω0 = gωNρV N + gωp¯ρV p¯ ,
(−△+m2ρ)ρ0 = gρNρIN + gρp¯ρIp¯ ,
−△A0 = eNρQN + ep¯ρQp¯ ,
(3)
where ρSj , ρVj , ρIj and ρQj are the scalar, vector, isovector, and charge den-
sities, respectively, and mσ,mω,mρ are the masses of the considered mesons.
Interaction of antiproton with nuclei 3
In this work, the nucleon–meson coupling constants and meson masses were
adopted from the nonlinear RMF model TM1(2) [5] for heavy (light) nuclei.
The system of the coupled Dirac (1) and Klein–Gordon (3) equations is solved
fully self-consistently by iterative procedure.
In the RMF model, the nucleon in a nucleus moves in mean fields created
by all nucleons, i. e., the nucleon feels repulsion as well as attraction also from
itself. In ordinary nuclei this nucleon self-interaction has only a minor (1/A)
effect. However, the potential acting on p¯ in a nucleus is much deeper and the
impact of the p¯ self-interaction could become pronounced. In order to exclude
this unphysical p¯ self-interaction we omitted the antiproton source terms in
the Klein–Gordon equations for the boson fields acting on the p¯.1
The p¯–nucleus interaction is constructed from the p–nucleus interaction
with the help of the G-parity transformation: the vector potential generated
by the ω meson exchange thus changes its sign and becomes attractive. As a
consequence, the total p¯ potential will be strongly attractive. However, the G-
parity transformation should be regarded as a mere starting point to determine
the p¯–meson coupling constants. Various many-body effects, as well as the
presence of strong annihilation channels could cause significant deviations from
the G-parity values in the nuclear medium. Therefore, we introduce a scaling
factor ξ ∈ 〈0, 1〉 for the p¯–meson coupling constants [1]:
gσp¯ = ξ gσN , gωp¯ = −ξ gωN , gρp¯ = ξ gρN . (4)
The p¯ annihilation in the nuclear medium is described by the imaginary
part of the optical potential in a ‘tρ’ form adopted from optical model phe-
nomenology [6]:
2µImVopt(r) = −4π
(
1 +
µ
mN
A− 1
A
)
Imb0ρ(r) , (5)
where µ is the p¯–nucleus reduced mass. While the density ρ(r) was treated
as a dynamical quantity evaluated within the RMF model, the parameter
Imb0 = 1.9 fm was determined by fitting the p¯ atom data [6].
The energy available for the p¯ annihilation in the nuclear medium is usually
expressed as
√
s = mp¯+mN−Bp¯−BN , where Bp¯ and BN is the p¯ and nucleon
binding energy, respectively. The phase space available for the annihilation
products is thus considerably suppressed for the deeply bound antiproton.
The phase space suppression factor fs for two body decay is given by [8]
fs =
M2
s
√
[s− (m1 +m2)2][s− (m1 −m2)2]
[M2 − (m1 +m2)][M2 − (m1 −m2)2]Θ(
√
s−m1 −m2) , (6)
where m1, m2 are the masses of the annihilation products and M = mp¯+mN .
For channels containing more than 2 particles in the final state the fs was
evaluated with the help of the Monte Carlo simulation tool PLUTO [9].
1 It is to be noted that the self-interaction is directly subtracted in the Hartree–Fock
formalism.
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Fig. 1 The p¯ density distribution in 208Pb,
calculated for different ξ in the TM1 model
with (left) and without (right) the p¯ self-
interaction.
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Fig. 2 The nuclear core density distribu-
tion in 40Ca and 40Ca+p¯ for ξ = 0.2, calcu-
lated in the TM1 model. The p¯ density dis-
tribution in 40Ca+p¯ (dotted line) is shown
for comparison.
3 Results
The formalism introduced above was employed in the self-consistent calcula-
tions of the p¯ bound states in selected nuclei. First, we did not consider the p¯
annihilation in the nuclear medium and focused on the study of the dynam-
ical effects caused by the presence of the antiproton in the nucleus. During
our calculations we noticed a pronounced effect of the p¯ self-interaction on
the calculated observables. In Fig. 1, we present the p¯ density distribution in
208Pb, calculated dynamically in the TM1 model for different values of the
scaling parameter ξ. The central p¯ density ρp¯(0) calculated including the p¯
self-interaction (left panel) reaches its maximum for ξ ≈ 0.5 and then starts
to decrease. It is due to the interplay between the negative value of Sp¯ − Vp¯
(absolute value of which increases with ξ), the p¯ single particle energy, and
the p¯ rest mass, which affects the solution of the Dirac equation for the p¯ wave
function. On the other hand, when the p¯ self-interaction is subtracted (right
panel), the scalar and vector potentials are of comparable depth and the ρp¯(0)
increases gradually with ξ and saturates at much higher values. It is to be
stressed that the effect of the p¯ self-interaction is negligible for ξ ≤ 0.2, which
includes the p¯ potentials consistent with p¯ atom data.
Our calculations revealed large polarization of the nuclear core caused by
the p¯ in the nuclear 1s state. The nuclear core density in a p¯ nucleus reaches
2− 3 times the nuclear matter density as illustrated for 40Ca in Fig. 2. The p¯
is localized in the center of the nucleus and the resultant nuclear core density
is substantially enhanced over a small region, r ≤ 1.5 fm.
The nucleon single particle energies are affected by the presence of the p¯ as
well. Consequently the total binding energies of p¯ nuclei increase considerably,
B = −344.3 MeV for 40Ca and B = −485.4 MeV for 40Ca+p¯ (ξ = 0.2).
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Fig. 4 Upper components g (left) and the
relation (7) for lower components f (right) of
the 1p1/2 and 1p3/2 p¯ wave functions in
16O,
calculated dynamically in the TM2 model us-
ing the real (no abs) and complex (+ abs) p¯
potential.
In order to account for p¯ annihilation, we performed calculations using
the complex potential presented in Section 2. We considered the suppression
of the phase space for the annihilation products. In Fig. 3, the phase space
suppression factors for the annihilation channels involved are presented as a
function of
√
s. As
√
s decreases due to the p¯ and N binding energies many
channels become strongly suppressed or even closed. Moreover, the p¯–nucleon
annihilation takes place in the nuclear medium. Therefore, the momentum
dependent term in the Mandelstam variable s = (EN + Ep¯)
2 − (pN + pp¯)2,
where Ej = mj − Bj , is non-negligible in contrast to the two body frame
[10]. Our self-consistent evaluation of
√
s including pp¯ and pN leads to an
additional downward energy shift overlooked by many previous calculations.
In Table 1, we present the 1s p¯ single particle energies and widths in 16O+p¯,
calculated using the real and complex potentials consistent with p¯-atom data
(ξ = 0.2). To illustrate the role of the suppression factors fs we show the
results of calculations without fs (‘Complex’), as well as including fs for
√
s
due to Bp¯ and BN (‘Complex+fs’) and for
√
s with the additional downward
energy shift due to the momenta of annihilating partners (‘+
√
s(p)’). The
static calculations, which do not account for the core polarization effects, give
approximately the same values of the p¯ single particle energy for all cases.
The single particle energies calculated dynamically are larger, which indicates
that the polarization of the core nucleus is significant. When the phase space
suppression is taken into account the p¯ width is reduced by more than twice
(compare ‘Complex’ and ‘Complex+fs’ in the last row of Table 1). When
treating
√
s self-consistently including the p¯ and N momenta, the p¯ width is
reduced by additional ≈ 50 MeV, but still remains sizeable. The corresponding
lifetime of the p¯ in the nucleus is ≃ 1 fm.
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Table 1 The 1s single particle energies ǫp¯ and widths Γp¯ (in MeV) in 16O+p¯, calculated
dynamically (Dyn) and statically (Stat) within the TM2 model using the real and complex
potentials consistent with p¯–atom data (see text for details).
Real Complex Complex + fs +
√
s(p)
Dyn Stat Dyn Stat Dyn Stat Dyn Stat
ǫp¯ -193.7 -137.1 -175.6 -134.6 -190.2 -136.1 -191.6 -136.3
Γp¯ - - 552.3 293.3 232.5 165.0 179.9 144.7
Finally, we discuss spin symmetry in p¯ spectra. Static calculations with
a real potential [11] revealed that antinucleon spectra in nuclei exhibit spin
symmetry. We explored the p¯ spectra considering the dynamical effects as
well as the p¯ absorption in the nucleus. In Fig. 4, the real parts of the upper
components (left) and the differential relation [12](
∂
∂r
+
ℓ+ 2
r
)
fnr,ℓ+1/2(r) =
(
∂
∂r
− ℓ− 1
r
)
fnr,ℓ−1/2(r) (7)
for the real parts of the lower components (right) of the p¯ wave function in
1p1/2 and 1p3/2 states in
16O are plotted for ξ = 0.2. We found that spin
symmetry is well preserved in the p¯ spectrum calculated fully self-consistently
using the p¯ potential consistent with the p¯ atom data. The p¯ annihilation
causes only minor deviations. When different values of ξ for the scalar and
vector potentials are considered, spin symmetry holds only approximately. The
deviations gradually increase with increasing difference between the scalar and
vector potentials.
Acknowledgements We thank P. Tlusty´ for his assistance during Monte Carlo simulations
using PLUTO, and E. Friedman, A. Gal and S. Wycech for valuable discussions.
References
1. Bu¨rvenich, T.J. et al.: Phys. Rev. C 71, 035201 (2005)
2. Larionov, A.B. et al.: Phys. Rev. C 82, 024602 (2010)
3. Serot, B.D. and Walecka, J.D.: Adv. Nucl. Phys. 16, 1 (1986)
4. Hrta´nkova´, J.: Master’s Thesis, Czech Technical University in Prague (2013),
<http://physics.fjfi.cvut.cz/publications/ejcf/DP Jaroslava Hrtankova.pdf>
5. Sugahara, Y. and Toki, H.: Nucl. Phys. A 579, 557–572 (1994)
6. Friedman, E., Gal, A. and Maresˇ, J.: Nucl. Phys. A 761, 283–295 (2005)
7. Walker, G.E., Goodman, Ch.D. and Olmer, C. (Eds.): Antinucleon– and Nucleon–
Nucleus Interaction, Plenum Press, New York (1985)
8. Particle data group [online],
<http://pdg.lbl.gov/2013/reviews/rpp2013-rev-kinematics.pdf>
9. A Monte Carlo Simulation tool PLUTO [online],
<http://www-hades.gsi.de/?q=pluto>
10. Cieply´, A. et al.: Phys. Lett. B 702, 402–407 (2011)
11. Zhou, S., Meng, J. and Ring, P.: Phys. Rev. Lett. 91, 262501 (2003)
12. Ginocchio, J.N.: Phys. Rep. 414, 165–261 (2005)
